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Abstract: Sugars will eventually be exported transporters (SWEET), a group of relatively novel
sugar transporters, that play important roles in phloem loading, seed and fruit development, pollen
development, and stress response in plants. Longan (Dimocarpus longan), a subtropic fruit tree with
high economic value, is sensitive to cold. However, whether the SWEET gene family plays a role
in conferring cold tolerance upon longan remains unknown. Here, a total of 20 longan SWEET
(DlSWEET) genes were identified, and their phylogenetic relationships, gene structures, cis-acting
elements, and tissue-specific expression patterns were systematically analyzed. This family is divided
into four clades. Gene structures and motifs analyses indicated that the majority of DlSWEETs in each
clade shared similar exon–intron organization and conserved motifs. Tissue-specific gene expression
suggested diverse possible functions for DlSWEET genes. Cis-elements analysis and quantitative
real-time PCR (qRT-PCR) analysis revealed that DlSWEET1 responded to cold stress. Notably, the
overexpression of DlSWEET1 improved cold tolerance in transgenic Arabidopsis, suggesting that
DlSWEET1 might play a positive role in D. longan’s responses to cold stress. Together, these results
contribute to a better understanding of SWEET genes, which could serve as a foundation for the
further functional identification of these genes.
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1. Introduction

Sugars are not only the predominant carbon and energy sources for both eukaryotes
and prokaryotes, but also the essential signaling molecules for diverse physiological pro-
cesses [1]. In addition, sugars are the main determiners of fruit quality and flavor [2,3].
In plants, sugars are the main products of photosynthesis, which occurs mainly in the
stromal cells of the chloroplast, and are translocated to the sink organs via long-distance
transport [4,5]. However, the movement of sugar between tissues via the phloem re-
quires the assistance of sugar transporters [6,7]. To date, various sugar transporters have
been identified in plants and they can be grouped into three families: monosaccharide
transporter-like (MST), sucrose transporters (SUTs/SUCs), and sugars will eventually be
exported transporters (SWEETs) [8].

The SWEET families are a recently discovered protein family of carbohydrate trans-
porters in plants and mammals [9], which feature the MtN3/Saliva motif (PF03083) and
seven transmembrane helices (TMHs) [10]. The eukaryotic SWEETs have a 3-1-3 TMH
structure, which is organized as tandem repeats of two 3-TMH domains separated by a sin-
gle transmembrane domain [9,11–13]. On the contrary, prokaryotic SWEETs (designated as
SemiSWEETs) contain only a single triple helix bundle (THB), indicating that SemiSWEETs
might have evolved from the duplication of the THB [10,14,15].

To date, the genome-wide analysis of SWEET genes has been comprehensively con-
ducted in several plant species, such as A. thaliana [9], rice (Oryza sativa) [13], lychee (Litchi
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chinensis Sonn) [16], and pomegranate (Punica granatum) [17]. Biochemical and functional
analyses have shown that SWEET genes are involved in many different functions, such
as phloem loading [9], nectar secretion [18], pollen development [19], modulating gib-
berellins response [20], senescence [21], abiotic stress response [22–27], host–pathogen
interactions [28–31], and seed and fruit development [32–34].

Longan (Dimocarpus longan L.), which belongs to the family of Sapindaceae, is an
economically important evergreen fruit crop [35]. China is the largest producer of longan
and account for 70% and more than 50% of the world’s acreage and production, respec-
tively [36]. Sugar composition and content in the aril of longan fruit is an important factor
determining the quality of longan fruit. Consequently, high sweetness has become a major
objective for longan breeding. Cold stress is a major environmental factor that adversely
affects plant growth and development, as well as the product quality and yield. Longan,
which originated in South China or Southeast Asia, is sensitive to cold, although longan is
widely cultivated in the tropical and subtropical regions of the world [37]. In recent years,
unpredictable frost-inducing weather has occurred in southern China, resulting in severe
economic losses in the longan industry; thus, a better understanding of the molecular
response mechanisms of longan cold stress is urgent.

In the present study, 20 SWEET genes in longan (termed DlSWEET) were identified,
and their phylogenetic relationship, gene structures, protein motifs, cis-acting elements,
and tissue-specific expression patterns were analyzed. We also determined the expression
patterns of some selected DlSWEET genes during fruit development stages and in response
to different abiotic stress treatments. Additionally, the DlSWEET1 gene was introduced
into A. thaliana by Agrobacterium-mediated method to investigate its function. The results
will serve to facilitate our understanding of the function of SWEET genes.

2. Results
2.1. Identification and Phylogenetic Analysis of SWEET Proteins in Longan

A total of 20 SWEET genes were identified and renamed from DlSWEET1 to Dl-
SWEET16b according to their phylogenetic relationship with 17 AtSWEET (Table 1). Gene
characteristics, including gene size, coding sequence size, protein length, isoelectric point
(pI), molecular weight (MW), and grand average of hydropathicity (GRAVY) value were
analyzed. The predicted size of 20 DlSWEET proteins ranged from 140 (DlSWEET16b,
15.48 KDa) to 440 (DlSWEET2b, 49.29 KDa) amino acids, and the predicted isoelectric
points ranged from 5.77 (DlSWEET15) to 9.54 (DlSWEET4). The predicted GRAVY value of
DlSWEET proteins ranged from 0.236 to 0.914, indicating hydrophobic properties.

Table 1. Characteristics of 20 DlSWEET genes.

Gene ID Gene Name Clade Location gDNA
(bp)

CDS
(bp)

Protein
(aa) PI MV

(KDa) GRAVY TMHs

Dlo_004842.1 DlSWEET1 I scaffold132:1222727..1224250(+) 1524 750 249 9.44 27.20 0.678 7
Dlo_011035.1 DlSWEET2a I scaffold208:248691..251666(−) 2976 732 243 9.46 27.10 0.77 7
Dlo_031144.1 DlSWEET2b I scaffold81:587713..595463(−) 7751 1323 440 9.32 49.29 0.236 6
Dlo_001364.1 DlSWEET3a I scaffold105:240059..241538(−) 1480 639 212 9.24 24.07 0.509 6
Dlo_001358.3 DlSWEET3b I scaffold105:129309..133690(−) 4382 726 241 8.54 26.49 0.559 7
Dlo_001362.1 DlSWEET3c I scaffold105:227382..229337(−) 1956 756 251 9.06 28.19 0.459 7
Dlo_016654.1 DlSWEET4 II scaffold32:314489..315798(−) 1310 573 190 9.54 21.48 0.729 5
Dlo_012330.1 DlSWEET7a II scaffold23:111069..112837(−) 1769 714 237 9.28 26.51 0.833 7
Dlo_036665.1 DlSWEET7b II scaffold1269:54809..57866(+) 3058 780 260 9.1 29.08 0.767 7
Dlo_035889.1 DlSWEET7c II scaffold1269:54830..57818(+) 2989 711 237 9 26.66 0.914 6
Dlo_002779.1 DlSWEET9a III scaffold1141:110734..112484(+) 1751 747 248 9.38 27.76 0.496 7
Dlo_002777.1 DlSWEET9b III scaffold1141:86225..87669(+) 1445 636 211 9.15 23.77 0.602 5
Dlo_002778.1 DlSWEET9c III scaffold1141:97643..100738(+) 3096 777 258 9.28 28.98 0.416 7
Dlo_024131.1 DlSWEET9d III scaffold539:83282..84431(+) 1150 765 254 9.01 28.42 0.531 6
Dlo_006037.1 DlSWEET10a III scaffold1436:78359..79825(+) 1467 855 284 9.4 32.10 0.603 7
Dlo_005388.1 DlSWEET10b III scaffold139:126837..128875(−) 2039 630 209 8.4 23.76 0.482 5
Dlo_006035.1 DlSWEET10c III scaffold1436:44684..45953(+) 1270 810 269 9.17 29.76 0.645 7
Dlo_026392.1 DlSWEET15 III scaffold601:142..2474(+) 2333 741 246 5.77 27.80 0.574 5
Dlo_006477.1 DlSWEET16a IV scaffold148:330655..332743(−) 2089 735 244 8.56 27.11 0.645 6
Dlo_006478.1 DlSWEET16b IV scaffold148:336807..338137(−) 1331 423 140 6.17 15.48 0.344 3
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The evolutionary relationships of DlSWEET family members were assessed by con-
structing an NJ phylogenetic tree (Figure 1). The results showed that DlSWEET proteins were
clearly grouped into four different clades. Clade III is the largest groups, which contained eight
DlSWEETs (DlSWEET9a/9b/9c/9d/10a/10b/10c/15), while clade IV had only two members
(DlSWEET16a/16b). Clades I and II contained six and four members, respectively.
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2.2. Analysis of Transmembrane Domains and Conserved Motifs 
To further investigate the features of DlSWEET proteins, TMHMM Server v2.0 

(http://www.cbs.dtu.dk/services/TMHMM-2.0/) (Copenhagen, Danmark) was used to 
predict the transmembrane domains (Table 1 and Figure S1). The results showed that only 
ten DlSWEET proteins contain seven TMHs, and five DlSWEET proteins had six TMHs. 
In addition, four DlSWEET proteins had five TMHs. Interestingly, DlSWEET16b 
contained three TMHs, which is observed in eukaryotes. 

Figure 1. The phylogenetic analysis of SWEET family genes of Arabidopsis and D. longan. At, A.
thaliana; Dl, D. longan. AtSWEET and DlSWEET proteins are identified by red triangles and black
dot, respectively.

2.2. Analysis of Transmembrane Domains and Conserved Motifs

To further investigate the features of DlSWEET proteins, TMHMM Server v2.0 (http:
//www.cbs.dtu.dk/services/TMHMM-2.0/) (Copenhagen, Danmark) was used to predict
the transmembrane domains (Table 1 and Figure S1). The results showed that only ten
DlSWEET proteins contain seven TMHs, and five DlSWEET proteins had six TMHs. In
addition, four DlSWEET proteins had five TMHs. Interestingly, DlSWEET16b contained
three TMHs, which is observed in eukaryotes.

The conserved motifs of the DlSWEET proteins were examined using MEME program
in DlSWEET proteins (Figure 2 and Figure S2 and Table S1). The result showed that
10 conserved motifs were identified among the 20 DlSWEETs. Motifs 1 and 2 were observed
in 20 DlSWEETs, while motif 7 and motif 10 only appeared in two DlSWEETs each.

http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
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Figure 2. Conserved motif analysis of DlSWEET proteins.

2.3. Exon–Intro Organization of DlSWEET Genes

To gain insights into the structure of DlSWEET genes, the introns and exons organiza-
tion, which play important roles in the evolution of multiple gene families, were analyzed
(Figure 3). The results showed that all DlSWEET genes contained introns, ranging from
two to seven. Furthermore, nine DlSWEET genes (DlSWEET1/2a/3a/3b/3c/7a/10a/10c/16a)
contained six exons, while seven DlSWEET genes (DlSWEET7b/7c/9a/9c/9d/10b/15) harbored
five exons, two genes (DlSWEET4/9b) displayed four exons, and DlSWEET2b and Dl-
SWEET16b possessed eight and three exons, respectively. Although some similar DlSWEET
genes in the same clade shared a similar gene structure, for example, DlSWEET3a/3b/3c
contains 6 exons and 5 introns, differences also existed in their length due to the introns.
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2.4. Cis-Acting Elements in the Promoters of DlSWEETs

The regulatory role of DlSWEETs was studied by gathering the 2000 bp upstream
regions of 19 DlSWEETs (DlSWEET15 is located from 142 to 2474 bp in scaffold601, so we
could not obtain the promoter sequence from the longan genome), and the transcriptional
response elements of DlSWEETs were predicted using the PLACE database (Figure 4 and
Table S2). A series of cis-elements involved in plant growth regulation processes were iden-
tified, such as GCN4 motifs found in the promoters of four genes (DlSWEET2b/9b/9c/16a).
Additionally, 20 light-responsive cis-elements were identified; the BOX 4 element, in par-
ticular, existed in all promoters of DlSWEETs genes, suggesting that the light may play
important roles in regulating the expression of DlSWEETs genes. Notably, many plant
hormones and stress-responsive cis-elements, such as ABRE, AuxRR-core, LTR, and MBS
were present in the promoter region of DlSWEETs, suggesting that some DlSWEET genes
may responsed to plant hormone and stress treatments.
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2.5. Tissue-Specific Expression Patterns of DlSWEET Genes

To understand the tissue-specific-expression patterns of DlSWEET genes, transcripts
abundance of DlSWEET genes in different tissues, including root, stem, leaf, flower, fruit,
and seed, were analyzed based on publicly available RNA-seq datasets (GSE84467) [38]
(Figure 5). As is shown in Figure 5a, the SWEET genes showed different expression
patterns in different longan tissues (DlSWEET10b had no record in the datasets). Among
the 19 DlSWEETs, 16 were expressed at relatively high levels (FPKM value > 1) in at least
one tissue, including 11, 4, 7, 14, 6, and 11 DlSWEETs in root, stem, leaf, flower, fruit,
and seed, respectively (Figure 5b). Interestingly, the FPKM values of some DlSWEETs
were higher than 50, demonstrating that they may be important for longan development.
For instance, three genes (DlSWEET2a/10c/16a) and six genes (DlSWEET1/2a/7b/9a/10c/15)
showed a higher expression level in leaf and flower, respectively, indicating their potential
roles in regulating longan leaf and flower development. Notably, DlSWEET1 showed
higher expression levels in flower, fruit and seeds, indicating that it may play an important
role in longan growth and development.
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2.6. Soluble Sugar and Expression Patterns of DlSWEET Genes during Fruit Development

As is shown in Figure 6a, the sucrose content increased rapidly from 60 DAF to
120 DAF, with concentrations ranging from 4.72 to 46.81 g·kg−1 fresh weight (FW). The
concentrations of fructose exhibited a slightly increasing trend as the fruit developed.
Additionally, the glucose content increased slightly from 60 DAF to 90 DAF and then
slightly decreased at the later stage of ripening. Overall, sucrose is the main component
of soluble sugars in mature longan fruit. Considering the potential roles of DlSWEETs in
the soluble sugar accumulation, we investigated the transcript abundance of six genes
during longan fruit development using the qRT-PCR method (Figure 6b). Two genes
(DlSWEET1/10c) contained extremely high expression levels in fruit at 60 DAF, but showed
a decrease in transcript abundance throughout fruit development. On the contrary, the
other four genes (DlSWEET2a/2b/3a/16a) showed relatively low expression levels at 60 DAF
and then increased during fruit development, which are closely connected to the change in
sugar content during longan fruit development.

2.7. Expression Patterns of DlSWEET Genes under Abiotic Stress Condition

To detect whether the DlSWEET genes were induced by different abiotic stresses,
qRT-PCR was performed to determine the expression levels of the seven DlSWEET genes
responding to cold, heat, salt, and drought treatments in seedlings (Figure 7). Overall, the
levels of expression of the seven DlSWEET genes differed among the four stress treatments.
In detail, all the genes’s expression levels were significantly changed by cold stresses,
and only DlSWEET1 was up-regulated by cold stress, while the other genes were down-
regulated by cold, indicating that DlSWEET1 may play an important role in longan cold
response. Four genes (DlSWEET2b/3a/10c/16b) were down-regulated by heat and salt
stresses, respectively; two genes (DlSWEET2b/3a) were down-regulated by drought stress,
whereas two genes (DlSWEET1/10c) were up-regulated by drought stress.
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2.8. Overexpression of DlSWEET1 Enhances Cold Tolerance in Transgenic Arabidopsis Plants

To further explore the roles of DlSWEET1 in cold tolerance in plants, the 35S: Dl-
SWEET1: pSAK277 construct was transferred into A. thaliana, and four independent trans-
genic lines (T1 generation) were obtained based on kanamycin resistance selection and
genomic PCR verification. T3 homozygous transgenic lines were used for cold tolerance
assessments. Among the T3 generation transformed lines, four lines (OE-5, OE-6, OE-7,
and OE-8) presented high expression of DlSWEET1 by qRT-PCR with a wild-type (WT)
Arabidopsis line as a negative control (Figure 8a). Meanwhile, we further observed the
frost damage to leaves of transgenic plants (OE-7 and OE-8) and WT plants. As is shown
in Figure 8b, there was no apparent difference in phenotype between the transgenic and
WT plants. When they were treated at −4 ◦C for 12 h, after which they were allowed to
recover for 6 days at 25 ◦C, all WT plants died, while most transgenic plants stayed alive
and resumed growing (Figure 8b). The survival rate of transgenic Arabidopsis lines was
significantly higher than the WT line at 60.00% for OE-7 and 86.67% for OE-8, compared to
0% for WT (Figure 8c). These results indicated that the overexpression of DlSWEET1 could
improve the freezing resistance of plants.
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3. Discussion

SWEET proteins play key roles in plant growth and development by regulating sugar
translocation and allocation [39,40]. To date, genome-wide analyses have identified a
variable number of SWEET genes in over 20 plant species, and the number of reported
SWEET gene members varies from 7 to 108, which may be caused by gene duplication,
including tandem or segmental duplication [41–43]. In this study, 20 SWEET genes were
identified in longan, similar to in Arabidopsis [9], rice [13], lychee [16], and grape [44].
These genes were classified into four clades according to their phylogenetic evolutionary
relationship (Figure 2), which was consistent with previous studies [45–48]. Notably, a gene
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structure analysis indicated that nine DlSWEET genes contained six exons. Similar results
were also observed in soybean [41], tomato [49], pear [50], and cucumber [51], suggesting
that SWEET gene members are highly conserved during evolution.

Plant SWEET proteins play diverse physiological functions and can transport different
sugar molecules [5,10,13]. Based on tissue-specific expression patterns of DlSWEET genes,
DlSWEET9a was highly expressed in flowers (Figure 5), and its homologous gene was found
to be involved in nectar secretion in Arabidopsis, Brassica, and Nicotiana [18]. The results
indicated that DlSWEET9a appeared to play a key role in longan nectar secretion. The
stem participates in many physiological and biochemical processes in plants. Sugar is an
essential organic substance in the growth and development of the stem. DlSWEET16a was
expressed highly in the stem (Figure 5), and the same result was observed in its homologous
gene (AT-SWEET16-1) in Annona squamosa L. [52], suggesting that DlSWEET16a may be
involved in stem growth and development. DlSWEET15 had higher expression levels
in flowers and seeds than other tissues, suggesting its function in specialized organs. In
Arabidopsis, AtSWEET15 was expressed in both the seed coat and endosperm, and acts as
a sucrose transporter in seed coat efflux and seed filling [53]. These results suggest that
DlSWEET15 may participate in longan seed development.

Sugar content is an important factor for determining fruits’ organoleptic quality [2]. As
is shown in Figure 6, the content of soluble sugars increased during fruit development and
sucrose was the dominating soluble sugar in mature longan fruit. Although 20 SWEET gene
members were identified in longan, we only detected the transcripts of six DlSWEETs in
longan fruit. Among these six DlSWEETs, four genes (DlSWEET1/2a/2b/3a) belong to clade I,
in which SWEET proteins mainly transport monosaccharides [9]. In addition, the expression
level of DlSWEET1 declined during fruit development, but the transcripts level of the
other three genes increased, suggesting that DlSWEET1 may play a role in transporting
monosaccharides in the early stages of fruit development, while DlSWEET2a/2b/3a comes to
play the roles at the fruit expansion and mature stages. In clade III, SWEETs in Arabidopsis
and rice transport disaccharides, mainly sucrose [9,12]. Although DlSWEET10c belongs
to clade III, its transcript abundance is inconsistent with the sucrose content during fruit
development. The cause of the discrepancy may be a rapid conversion of sucrose to glucose
or fructose at the early fruit development stage.

Longan is frequently challenged by abiotic stressors, for instance, extreme tempera-
tures, drought, and high salinity. Sugars accumulate in plant cells to reduce the osmotic
potential, which is conducive to the normal growth of plants under abiotic stress condi-
tions [54,55]. Previous reports have shown that the SWEET genes were involved in abiotic
stress [25,26,49]. The results showed that seven genes showed significantly up- or down-
regulated expression in at least one tested treatment (Figure 7). Under drought conditions,
two genes’ (DlSWEET1/10c) levels were significantly increased. Similar findings were
observed in cabbage [31]. Although the seven genes were significantly induced by cold
stress, only DlSWEET1 showed a significantly up-regulated trend. The same result was also
observed in tea, in which the expression level of CsSWEET1 increased markedly during
cold acclimation [56]. Cis-elements analysis showed that a TC-rich repeats element, which
is involved in defense and stress responsiveness, existed in the promoter of DlSWEET1,
indicating that DlSWEET1 may play an important role in the longan cold response. More-
over, the overexpression of DlSWEET1 conferred its tolerance to cold stress in transgenic
Arabidopsis. However, due to the difference between Arabidopsis and longan, the function of
DlSWEET1 in longan cold-response warrants further investigation.

4. Materials and Methods
4.1. Plant Materials, Stress Treatments, and Measurement of Soluble Sugars Content

To investigate the function of DlSWEETs involved in longan fruit sugar accumulation,
we used fruits of Longan (Dimocarpus longan L.) cultivar “Qingkebaoyuan”. The trees were
grown in the Fruit Research Institute, Fujian Academy of Agricultural Sciences, Fuzhou,
China. The fruit samples were randomly picked from three trees, under standard cultivation
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conditions, at 60, 90, and 120 days after flowering (DAF). Soluble sugars in longan pulp
were extracted and measured according to the previously reported protocol [57].

“Honghezi” seedlings were grown for six month in Fujian Agriculture and Forestry
University, Fuzhou, China, which were used for abiotic stress treatments. For heat and
cold stresses, seedlings were grown at 40 ◦C or 4 ◦C for 4 h, respectively. For salt and
drought stresses, seedlings were treated with NaCl (200 mM) or PEG6000 (20%) for 4 h at
28 ◦C, respectively. Each treatment had three replicates of three plants. In addition, three
seedlings grown at 28 ◦C were used as a control. After treatment, the leaf samples of the
same leaf position were collected and immediately frozen in liquid nitrogen and stored at
−80 ◦C for further analysis.

4.2. Identification, Phylogenetic Analysis, and Motifs Prediction of SWEET Protein in Longan

Systematic BLAST homology searches using amino sequences of 17 Arabidopsis SWEETs
proteins [9] were performed on the longan genome (BLASTP, E-value ≤ 1 × 10−5) (http:
//gigadb.org/dataset/100276) (accessed on 26 March 2019) [38]. A phylogenetic tree was
constructed with 17 AtSWEET and 20 DlSWEET protein sequences using MEGA6 by
employing the neighbor-joining (NJ) method with a bootstrap value of 1000 [58].

The MEME (Multiple EM for Motif Elicitation) program (http://meme.nbcr.net/
meme/cgi-bin/meme.cgi) (accessed on 31 March 2019) was used to analyze the motifs of
DlSWEET proteins, with the parameters set to the following: maximum number of motifs
600, motif width 15–60, and number 15 [59].

4.3. Cis-Elements Search and Exon–Intron Organization of DlSWEET Genes

The exon–intron organization of the DlSWEETs were analyzed and visualized in
GSDS 2.0 (gene structure display server) [60]. Furthermore, the 2000 bp promoter regions
of DlSWEET were analyzed in PLACE (https://www.dna.affrc.go.jp/PLACE/?action=
newplace) (accessed on 1 April 2019), and the distribution of four categories of cis-acting
elements was visualized in the TBtools toolkit [61].

4.4. Expression Pattern Analysis of DlSWEET Genes

To gain insights into the DlSWEET genes expression patterns, we utilized the tran-
scriptome data, which included different longan tissues (https://www.ncbi.nlm.nih.gov/
geo/query/acc.cgi?acc=GSE84467) (accessed on 31 March 2019) [38]. The gene expression
values were normalized by fragments per kilobase million (FPKM) and log2-transformed.
The heat maps were plotted using the software TBtools [61].

4.5. RNA Isolation and qRT-PCR Analysis

Total RNA was extracted using an RNAprep Pure Plant Kit (TIANGEN, Beijing, China)
with three biological replicates. Then, approximately 1 µg of total RNA per sample was
used as the template for reverse-transcription via TransScript One-Step gDNA Removal
and cDNA Synthesis SuperMix (TRANS, Beijing, China). The RT-qPCR was performed
using SYBR Green I Master Mix (Takara, Dalian, China) and a LightCycler 96 Real-Time
PCR Systems (Roche, Basel, Switzerland). The relative expression levels were calculated
with the formula 2−∆∆CT method with three biological and three technical replicates [62].
All primer sequences used in this study are listed in Table S3.

4.6. Functional Analysis of DlSWEET1-Overexpressing Transgenic Arabidopsis Thaliana

The full-length cDNA sequence of DlSWEET1 was cloned into the pSAK277 vector.
The 35S: DlSWEET1 plasmid was transferred into Agrobacterium strain GV3101 by the
freeze–thaw method, and transferred into the Arabidopsis plants using the floral dip method.
The Arabidopsis ecotype Columbia-0 (col-0) was used as the wild type (WT) in this study.
Transformed plants were selected on the basis of their resistance to kanamycin, and 3-weeks-
old T3 homozygous plants and WT seedlings were used for further experiments. Two
transgenic lines and WT seedlings were transferred to 4 ◦C growth chambers with the same

http://gigadb.org/dataset/100276
http://gigadb.org/dataset/100276
http://meme.nbcr.net/meme/cgi-bin/meme.cgi
http://meme.nbcr.net/meme/cgi-bin/meme.cgi
https://www.dna.affrc.go.jp/PLACE/?action=newplace
https://www.dna.affrc.go.jp/PLACE/?action=newplace
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84467
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84467
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ambient conditions for 48 h and then were exposed to −4 ◦C for 12 h, followed by 12 h of
darkness at 4 ◦C, after which they were returned to normal conditions for recovery for 6
days. The plant survival rates and phenotypes were recorded.

4.7. Statistical Analyses

All reported values are presented as mean ± standard error (SE, n = 3). The means are
compared using the Student’s t-test at the 0.05 and 0.01 levels of significance.

5. Conclusions

In summary, 20 longan SWEET genes (DlSWEETs) were identified in the D. longan
genome. A phylogenetic analysis showed that DlSWEETs were grouped into four different
subfamilies. Tissue-specific expression patterns analysis showed that DlSWEET genes
may play various roles in the development of longan tissues. qRT-PCR analyses implied
that three and four DlSWEET genes might be involved in abiotic stress response and fruit
sugar accumulation, respectively. Furthermore, the overexpression of the DlSWEET1 gene
improved cold stress tolerance in transgenic Arabidopsis. This work will contribute to the
follow-up study of the functional characteristics of DlSWEET genes and the cultivation of
high-quality D. longan varieties.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms23168914/s1.

Author Contributions: Conceptualization, L.Z. and T.F.; investigation, T.F., Y.R., Y.L. (Yun Li), Y.L.
(Yujun Liu), M.W. and P.X.; writing—original draft preparation, Y.R. and T.F.; writing—review and
editing, T.F. and L.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China
(32102343) and the construction of the plateau discipline of Fujian province (102/71201801101).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We wish to thank Shaoquan Zheng and Xiuping Chen of the Fruit Research
Institute, Fujian Academy of Agricultural Sciences for providing plant materials, and Yudi Liu of the
Wuhan Botanical Garden, Chinese Academy of Sciences for technical support of the measurement of
soluble sugars content.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sheen, J.; Zhou, L.; Jang, J.C. Sugars as signalling molecules. Curr. Opin. Plant Biol. 1999, 2, 410–418. [CrossRef]
2. Fang, T.; Peng, Y.; Rao, Y.; Li, S.; Zeng, L. Genome-wide identification and expression analysis of sugar transporter (ST) gene

family in longan (Dimocarpus longan L.). Plants 2020, 9, 342. [CrossRef]
3. Wen, S.Y.; Neuhaus, H.E.; Cheng, J.T.; Bie, Z.L. Contributions of sugar transporters to crop yield and fruit quality. J. Exp. Bot.

2022, 73, 2275–2289. [CrossRef]
4. Chen, T.; Zhang, Z.; Li, B.; Qin, G.; Tian, S. Molecular basis for optimizing sugar metabolism and transport during fruit

development. aBIOTECH 2021, 2, 330–340. [CrossRef]
5. Zhen, Q.; Fang, T.; Peng, Q.; Liao, L.; Zhao, L.; Owiti, A.; Han, Y. Developing gene-tagged molecular markers for evaluation of

genetic association of apple sweet genes with fruit sugar accumulation. Hortic. Res. 2018, 5, 14. [CrossRef] [PubMed]
6. Chen, L.Q.; Cheung, L.S.; Feng, L.; Tanner, W.; Frommer, W.B. Transport of sugars. Annu. Rev. Biochem. 2015, 84, 865–894.

[CrossRef]
7. Huang, W.F.; Hu, B.; Liu, J.L.; Zhou, Y.; Liu, S.Q. Identification and Characterization of Tonoplast Sugar Transporter (TST) Gene

Family in Cucumber. Hortic. Plant J. 2017, 6, 145–157. [CrossRef]
8. Doidy, J.; Grace, E.; Kuhn, C.; Simon-Plas, F.; Casieri, L.; Wipf, D. Sugar transporters in plants and in their interactions with fungi.

Trends Plant Sci. 2012, 17, 413–422. [CrossRef] [PubMed]
9. Chen, L.Q.; Hou, B.H.; Lalonde, S.; Takanaga, H.; Hartung, M.L.; Qu, X.Q.; Guo, W.J.; Kim, J.G.; Underwood, W.; Chaudhuri,

B.; et al. Sugar transporters for intercellular exchange and nutrition of pathogens. Nature 2010, 468, 527–532. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/ijms23168914/s1
https://www.mdpi.com/article/10.3390/ijms23168914/s1
http://doi.org/10.1016/S1369-5266(99)00014-X
http://doi.org/10.3390/plants9030342
http://doi.org/10.1093/jxb/erac043
http://doi.org/10.1007/s42994-021-00061-2
http://doi.org/10.1038/s41438-018-0024-3
http://www.ncbi.nlm.nih.gov/pubmed/29581882
http://doi.org/10.1146/annurev-biochem-060614-033904
http://doi.org/10.1016/j.hpj.2020.03.005
http://doi.org/10.1016/j.tplants.2012.03.009
http://www.ncbi.nlm.nih.gov/pubmed/22513109
http://doi.org/10.1038/nature09606
http://www.ncbi.nlm.nih.gov/pubmed/21107422


Int. J. Mol. Sci. 2022, 23, 8914 12 of 14

10. Xuan, Y.H.; Hu, Y.B.; Chen, L.Q.; Sosso, D.; Ducat, D.C.; Hou, B.H.; Frommer, W.B. Functional role of oligomerization for bacterial
and plant SWEET sugar transporter family. Proc. Natl. Acad. Sci. USA 2013, 110, E3685–E3694. [CrossRef]

11. Baker, R.F.; Leach, K.A.; Braun, D.M. SWEET as sugar, new sucrose effluxers in plants. Mol. Plant 2012, 5, 766–768. [CrossRef]
[PubMed]

12. Chen, L.Q.; Qu, X.Q.; Hou, B.H.; Sosso, D.; Osorio, S.; Fernie, A.R.; Frommer, W.B. Sucrose efflux mediated by SWEET proteins as
a key step for phloem transport. Science 2012, 335, 207–211. [CrossRef] [PubMed]

13. Yuan, M.; Wang, S. Rice MtN3/saliva/SWEET family genes and their homologs in cellular organisms. Mol. Plant 2013, 6, 665–674.
[CrossRef] [PubMed]

14. Xu, Y.; Tao, Y.; Cheung, L.S.; Fan, C.; Chen, L.Q.; Xu, S.; Perry, K.; Frommer, W.B.; Feng, L. Structures of bacterial homologues of
SWEET transporters in two distinct conformations. Nature 2014, 515, 448–452. [CrossRef] [PubMed]

15. Hu, Y.B.; Sosso, D.; Qu, X.Q.; Chen, L.Q.; Ma, L.; Chermak, D.; Zhang, D.C.; Frommer, W.B. Phylogenetic evidence for a fusion
of archaeal and bacterial SemiSWEETs to form eukaryotic SWEETs and identification of SWEET hexose transporters in the
amphibian chytrid pathogen Batrachochytrium dendrobatidis. FASEB J. 2016, 30, 3644–3654. [CrossRef]

16. Xie, H.; Wang, D.; Qin, Y.; Ma, A.; Zhao, J. Genome-wide identification and expression analysis of sweet gene family in Litchi
chinensis reveal the involvement of Lcsweet2a/3b in early seed development. BMC Plant Biol. 2019, 19, 499. [CrossRef]

17. Zhang, X.; Wang, S.; Ren, Y.; Gan, C.; Li, B.; Fan, Y.; Zhao, X.; Yuan, Z. Identification, Analysis and Gene Cloning of the SWEET
Gene Family Provide Insights into Sugar Transport in Pomegranate (Punica granatum). Int. J. Mol. Sci. 2022, 23, 2471. [CrossRef]

18. Lin, I.W.; Sosso, D.; Chen, L.Q.; Gase, K.; Kim, S.G.; Kessler, D.; Klinkenberg, P.M.; Gorder, M.K.; Hou, B.U.; Qu, X.Q.; et al. Nectar
secretion requires sucrose phosphate synthases and the sugar transporter SWEET9. Nature 2014, 508, 546–549. [CrossRef]

19. Ko, H.Y.; Tseng, H.W.; Ho, L.H.; Wang, L.; Chang, T.F.; Lin, A.; Ruan, Y.L.; Neuhaus, H.E.; Guo, W.J. Hexose translocation
mediated by SlSWEET5b is required for pollen maturation in Solanum lycopersicum. Plant Physiol. 2022, 189, 344–359. [CrossRef]

20. Kanno, Y.; Oikawa, T.; Chiba, Y.; Ishimaru, Y.; Shimizu, T.; Sano, N.; Koshiba, T.; Kamiya, Y.J.; Ueda, M.; Seo, M. AtSWEET13 and
AtSWEET14 regulate gibberellin-mediated physiological processes. Nat. Commun. 2016, 7, 13245. [CrossRef]

21. Ninan, A.; Grant, J.; Song, J.; Jameson, P. Expression of Genes Related to Sugar and Amino Acid Transport and Cytokinin
Metabolism during Leaf Development and Senescence in Pisum sativum L. Plants 2019, 8, 76. [CrossRef] [PubMed]

22. Wu, Y.; Wu, P.; Xu, S.; Chen, Y.; Li, M.; Wu, G.; Jiang, H. Genome-Wide Identification, Expression Patterns and Sugar Transport of
the Physic Nut SWEET Gene Family and a Functional Analysis of JcSWEET16 in Arabidopsis. Int. J. Mol. Sci. 2022, 23, 5391.
[CrossRef] [PubMed]

23. Hu, L.; Zhang, F.; Song, S.; Yu, X.; Ren, Y.; Zhao, X.; Liu, H.; Liu, G.; Wang, Y.; He, H. CsSWEET2, a Hexose Transporter from
Cucumber (Cucumis sativus L.), Affects Sugar Metabolism and Improves Cold Tolerance in Arabidopsis. Int. J. Mol. Sci. 2022,
23, 3886. [CrossRef] [PubMed]

24. Xuan, C.; Lan, G.; Si, F.; Zeng, Z.; Wang, C.; Yadav, V.; Wei, C.; Zhang, X. Systematic Genome-Wide Study and Expression Analysis
of SWEET Gene Family, Sugar Transporter Family Contributes to Biotic and Abiotic Stimuli in Watermelon. Int. J. Mol. Sci. 2021,
22, 8407. [CrossRef] [PubMed]

25. Klemens, P.A.; Patzke, K.; Deitmer, J.W.; Spinner, L.; Hir, R.L.; Bellini, C.; Bedu, M.; Chardon, F.; Krapp, A.; Neuhaus, H.E.
Overexpression of the Vacuolar Sugar Carrier AtSWEET16 Modifies Germination, Growth, and Stress Tolerance in Arabidopsis.
Plant Physiol. 2013, 163, 1338–1352. [CrossRef]

26. Phukan, U.J.; Jeena, G.S.; Tripathi, V.; Shukla, R.K. MaRAP2-4, a waterlogging-responsive ERF from Mentha, regulates bidi-
rectional sugar transporter AtSWEET10 to modulate stress response in Arabidopsis. Plant Biotechnol. J. 2017, 16, 221–233.
[CrossRef]

27. Wang, L.; Yao, L.; Hao, X.; Li, N.; Qian, W.; Yue, C.; Ding, C.; Zeng, J.; Yang, Y.; Wang, X. Tea plant SWEET transporters, expression
profiling, sugar transport, and the involvement of CsSWEET16 in modifying cold tolerance in Arabidopsis. Plant Mol. Biol. 2018,
96, 577–592. [CrossRef]

28. Jiang, S.; Balan, B.; Assis, R.d.A.B.; Sagawa, C.H.D.; Wan, X.; Han, S.; Wang, L.; Zhang, L.; Zaini, P.A.; Walawage, S.L.; et al.
Genome-Wide Profiling and Phylogenetic Analysis of the SWEET Sugar Transporter Gene Family in Walnut and Their Lack of
Responsiveness to Xanthomonas arboricola pv. juglandis Infection. Int. J. Mol. Sci. 2020, 21, 1251. [CrossRef] [PubMed]

29. Streubel, J.; Pesce, C.; Hutin, M.; Koebnik, R.; Boch, J.; Szurek, B. Five phylogenetically close rice SWEET genes confer TAL
effector-mediated susceptibility to Xanthomonas oryzae pv. oryzae. New Phytol. 2013, 200, 808–819. [CrossRef]

30. Cohn, M.; Bart, R.S.; Shybut, M.; Dahlbeck, D.; Gomez, M.; Morbitzer, R.; Hou, B.H.; Frommer, W.B.; Lahaye, T.; Staskawicz, B.J.
Xanthomonas axonopodis virulence is promoted by a transcription activator-like effector-mediated induction of a SWEET sugar
transporter in cassava. Mol. Plant Microbe Interact. 2014, 27, 1186–1198. [CrossRef] [PubMed]

31. Zhang, W.; Wang, S.; Yu, F.; Tang, J.; Shan, X.; Bao, K.; Yu, L.; Wang, H.; Fei, Z.; Li, J. Genome-wide characterization and expression
profiling of SWEET genes in cabbage (Brassica oleracea var. capitata L.) reveal their roles in chilling and club root disease responses.
BMC Genom. 2019, 20, 93.

32. Sosso, D.; Luo, D.; Li, Q.B.; Sasse, J.; Yang, J.; Gendrot, G.; Suzuki, M.; Koch, K.K.; McCarty, D.R.; Chourey, P.S.; et al. Seed filling in
domesticated maize and rice depends on sweet-mediated hexose transport. Nat. Genet. 2015, 47, 1489–1493. [CrossRef] [PubMed]

33. Guo, C.; Li, H.; Xia, X.; Liu, X.; Yang, L. Functional and evolution characterization of SWEET sugar transporters in Ananas comosus.
Biochem. Biophys. Res. Commun. 2018, 496, 407–414. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.1311244110
http://doi.org/10.1093/mp/SSS054
http://www.ncbi.nlm.nih.gov/pubmed/22815540
http://doi.org/10.1126/science.1213351
http://www.ncbi.nlm.nih.gov/pubmed/22157085
http://doi.org/10.1093/mp/sst035
http://www.ncbi.nlm.nih.gov/pubmed/23430047
http://doi.org/10.1038/nature13670
http://www.ncbi.nlm.nih.gov/pubmed/25186729
http://doi.org/10.1096/fj.201600576R
http://doi.org/10.1186/s12870-019-2120-4
http://doi.org/10.3390/ijms23052471
http://doi.org/10.1038/nature13082
http://doi.org/10.1093/plphys/kiac057
http://doi.org/10.1038/ncomms13245
http://doi.org/10.3390/plants8030076
http://www.ncbi.nlm.nih.gov/pubmed/30934599
http://doi.org/10.3390/ijms23105391
http://www.ncbi.nlm.nih.gov/pubmed/35628209
http://doi.org/10.3390/ijms23073886
http://www.ncbi.nlm.nih.gov/pubmed/35409244
http://doi.org/10.3390/ijms22168407
http://www.ncbi.nlm.nih.gov/pubmed/34445115
http://doi.org/10.1104/pp.113.224972
http://doi.org/10.1111/pbi.12762
http://doi.org/10.1007/s11103-018-0716-y
http://doi.org/10.3390/ijms21041251
http://www.ncbi.nlm.nih.gov/pubmed/32070009
http://doi.org/10.1111/nph.12411
http://doi.org/10.1094/MPMI-06-14-0161-R
http://www.ncbi.nlm.nih.gov/pubmed/25083909
http://doi.org/10.1038/ng.3422
http://www.ncbi.nlm.nih.gov/pubmed/26523777
http://doi.org/10.1016/j.bbrc.2018.01.024
http://www.ncbi.nlm.nih.gov/pubmed/29307830


Int. J. Mol. Sci. 2022, 23, 8914 13 of 14

34. Zhang, Z.; Zou, L.; Ren, C.; Ren, F.; Wang, Y.; Fan, P.; Li, S.; Liang, Z. VvSWEET10 mediates sugar accumulation in grapes. Genes
2019, 10, 255. [CrossRef]

35. Rangkadilok, N.; Worasuttayangkurn, L.; Bennett, R.N.; Satayavivad, J. Identification and quantification of polyphenolic
compounds in Longan (Euphoria longana Lam.) fruit. J. Agric. Food Chem. 2005, 53, 1387–1392. [CrossRef] [PubMed]

36. Luo, J.; Zhou, C.; Wan, Z. Analysis on the development status of lychee industry in Guangdong province in 2010. Guangdong
Agric. Sci. 2011, 4, 16–18.

37. Yang, X.; Wang, R.; Jing, H.; Chen, Q.; Fu, J. Three novel c-repeat binding factor genes of dimocarpus longan regulate cold stress
response in Arabidopsis. Front. Plant Sci. 2020, 11, 1026. [CrossRef] [PubMed]

38. Lin, Y.; Min, J.; Lai, R.; Wu, Z.; Chen, Y.; Yu, L.; Cheng, C.; Jin, Y.; Tian, Q.; Liu, Q.; et al. Genome-wide sequencing of longan
(Dimocarpus longan Lour.) provides insights into molecular basis of its polyphenol-rich characteristics. Gigascience 2017, 6, 1–14.
[CrossRef]

39. Chen, L.Q. SWEET sugar transporters for phloem transport and pathogen nutrition. New Phytol. 2014, 201, 1150–1155. [CrossRef]
40. Eom, J.S.; Chen, L.Q.; Sosso, D.; Julius, B.T.; Lin, I.W.; Qu, X.Q.; Braun, D.M.; Frommer, W.B. SWEETs, transporters for intracellular

and intercellular sugar translocation. Curr. Opin. Plant Biol. 2015, 25, 53–62. [CrossRef]
41. Patil, G.; Valliyodan, B.; Deshmukh, R.K.; Prince, S.J.; Nicander, B.; Zhao, M.; Sonah, H.; Song, L.; Lin, L.; Chaudhary, J.; et al.

Soybean (Glycine max) SWEET gene family, insights through comparative genomics, transcriptome profiling and whole genome
re-sequence analysis. BMC Genom. 2015, 16, 520. [CrossRef]

42. Jia, B.; Zhu, X.F.; Pu, Z.J.; Duan, Y.X.; Hao, L.J.; Zhang, J.; Chen, L.Q.; Jeon, C.O.; Xuan, Y.H. Integrative view of the diversity and
evolution of SWEET and SemiSWEET sugar transporters. Front. Plant Sci. 2017, 8, 2178. [CrossRef] [PubMed]

43. Gautam, T.; Saripalli, G.; Gahlaut, V.; Kumar, A.; Sharma, P.K.; Balyan, H.S.; Gupta, P.K. Further studies on sugar transporter
(SWEET) genes in wheat (Triticum aestivum L.). Mol. Biol. Rep. 2019, 46, 2327–2353. [CrossRef]

44. Chong, J.; Piron, M.C.; Meyer, S.; Merdinoglu, D.; Bertsch, C.; Mestre, P. The sweet family of sugar transporters in grapevine,
VvSWEET4 is involved in the interaction with Botrytis cinerea. J. Exp. Bot. 2014, 65, 6589–6601. [CrossRef] [PubMed]

45. Miao, H.; Sun, P.; Liu, Q.; Miao, Y.; Liu, J.; Zhang, K.; Hu, W.; Zhang, J.; Wang, J.; Wang, Z.; et al. Genome wide analyses of
SWEET family proteins reveal involvement in fruit development and abiotic/biotic stress responses in banana. Sci. Rep. 2017,
7, 3536. [CrossRef] [PubMed]

46. Hu, B.; Wu, H.; Huang, W.; Song, J.; Zhou, Y.; Lin, Y. SWEET Gene Family in Medicago truncatula, Genome-Wide Identification,
Expression and Substrate Specificity Analysis. Plants 2019, 8, 338. [CrossRef]

47. Wang, S.; Yokosho, K.; Guo, R.; Whelan, J.; Ruan, Y.L.; Ma, J.F.; Shou, H. The soybean sugar transporter GmSWEET15 mediates
sucrose export from endosperm to early embryo. Plant Physiol. 2019, 180, 2133–2141. [CrossRef] [PubMed]

48. Wu, Y.; Wang, Y.; Shan, Y.; Qin, Q. Characterization of SWEET family members from loquat and their responses to exogenous
induction. Tree Genet. Genomes 2017, 13, 123. [CrossRef]

49. Feng, C.Y.; Han, J.X.; Han, X.X.; Jiang, J. Genome-wide identification, phylogeny, and expression analysis of the SWEET gene
family in tomato. Gene 2015, 573, 261–272. [CrossRef]

50. Li, J.; Qin, M.; Qiao, X.; Cheng, Y.; Li, X.; Zhang, H.; Wu, J. A new insight into the evolution and functional divergence of sweet
transporters in Chinese white pear (Pyrus bretschneideri). Plant Cell Physiol. 2017, 58, 839–850. [CrossRef]

51. Hu, L.; Zhang, F.; Song, S.; Tang, X.; Xu, X.; Liu, G.; Wang, Y.; He, H. Genome-wide identification, characterization, and expression
analysis of the SWEET gene family in cucumber. J. Integr. Agric. 2017, 16, 60345–60347. [CrossRef]

52. An, Z.Y.; Fang, R.; Huang, X.W.; Yao, J.Y.; Wei, S.T. Cloning and Expression Analysis of a SWEET Family Gene from Annona
squamosa L. Chin. J. Trop. Crops 2020, 41, 2143–2148.

53. Chen, L.Q.; Lin, I.W.; Qu, X.Q.; Sosso, D.; McFarlane, H.E.; Londoño, A.; Samuels, A.L.; Frommer, W.B. A cascade of sequentially
expressed sucrose transporters in the seed coat and endosperm provides nutrition for the Arabidopsis embryo. Plant Cell 2015, 27,
607–619. [CrossRef]

54. Gibson, S.I. Control of plant development and gene expression by sugar signaling. Curr. Opin. Plant Biol. 2005, 8, 93–102.
[CrossRef]

55. Yamada, K.; Osakabe, Y.; Mizoi, J.; Nakashima, K.; Fujita, Y.; Shinozaki, K.; Yamaguchi-Shinozaki, K. Functional analysis of
an Arabidopsis thaliana abiotic stress-inducible facilitated diffusion transporter for monosaccharides. J. Biol. Chem. 2010, 285,
1138–1146. [CrossRef]

56. Yue, C.; Cao, H.; Wang, L.; Zhou, Y.; Huang, Y.; Hao, X.; Wang, Y.; Wang, B.; Yang, Y.; Wang, X. Effects of cold acclimation on sugar
metabolism and sugar-related gene expression in tea plant during the winter season. Plant Mol. Biol. 2015, 88, 591–608. [CrossRef]

57. Fang, T.; Cai, Y.; Yang, Q.; Ogutu, C.; Liao, L.; Han, Y. Analysis of sorbitol content variation in wild and cultivated apples. J. Sci.
Food Agric. 2020, 100, 139–144. [CrossRef] [PubMed]

58. Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6, Molecular evolutionary genetics analysis version 6.0. Mol.
Biol. Evol. 2013, 30, 2725–2729. [CrossRef]

59. Bailey, T.L.; Elkan, C. Fitting a mixture model by expectation maximization to discover motifs in biopolymers. Proc. Int. Conf.
Intell. Syst. Mol. Biol. 1994, 2, 28–36. [PubMed]

60. Hu, B.; Jin, J.; Guo, A.Y.; Zhang, H.; Luo, J.; Gao, G. GSDS 2.0, An upgraded gene feature visualization server. Bioinformatics 2015,
31, 1296–1297. [CrossRef]

http://doi.org/10.3390/genes10040255
http://doi.org/10.1021/jf0403484
http://www.ncbi.nlm.nih.gov/pubmed/15740011
http://doi.org/10.3389/fpls.2020.01026
http://www.ncbi.nlm.nih.gov/pubmed/32733519
http://doi.org/10.1093/gigascience/gix023
http://doi.org/10.1111/nph.12445
http://doi.org/10.1016/j.pbi.2015.04.005
http://doi.org/10.1186/s12864-015-1730-y
http://doi.org/10.3389/fpls.2017.02178
http://www.ncbi.nlm.nih.gov/pubmed/29326750
http://doi.org/10.1007/s11033-019-04691-0
http://doi.org/10.1093/jxb/eru375
http://www.ncbi.nlm.nih.gov/pubmed/25246444
http://doi.org/10.1038/s41598-017-03872-w
http://www.ncbi.nlm.nih.gov/pubmed/28615718
http://doi.org/10.3390/plants8090338
http://doi.org/10.1104/pp.19.00641
http://www.ncbi.nlm.nih.gov/pubmed/31221732
http://doi.org/10.1007/s11295-017-1200-6
http://doi.org/10.1016/j.gene.2015.07.055
http://doi.org/10.1093/pcp/pcx025
http://doi.org/10.1016/S2095-3119(16)61501-0
http://doi.org/10.1105/tpc.114.134585
http://doi.org/10.1016/j.pbi.2004.11.003
http://doi.org/10.1074/jbc.M109.054288
http://doi.org/10.1007/s11103-015-0345-7
http://doi.org/10.1002/jsfa.10005
http://www.ncbi.nlm.nih.gov/pubmed/31471896
http://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/7584402
http://doi.org/10.1093/bioinformatics/btu817


Int. J. Mol. Sci. 2022, 23, 8914 14 of 14

61. Chen, C.; Chen, H.; Zhang, Y.; Thomas, H.; Frank, M.; He, Y.; Xia, R. TBtools—An Integrative Toolkit Developed for Interactive
Analyses of Big Biological Data. Mol. Plant 2020, 13, 1194–1202. [CrossRef] [PubMed]

62. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the2−∆∆CT method.
Methods 2001, 25, 402–408. [CrossRef] [PubMed]

http://doi.org/10.1016/j.molp.2020.06.009
http://www.ncbi.nlm.nih.gov/pubmed/32585190
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Identification and Phylogenetic Analysis of SWEET Proteins in Longan 
	Analysis of Transmembrane Domains and Conserved Motifs 
	Exon–Intro Organization of DlSWEET Genes 
	Cis-Acting Elements in the Promoters of DlSWEETs 
	Tissue-Specific Expression Patterns of DlSWEET Genes 
	Soluble Sugar and Expression Patterns of DlSWEET Genes during Fruit Development 
	Expression Patterns of DlSWEET Genes under Abiotic Stress Condition 
	Overexpression of DlSWEET1 Enhances Cold Tolerance in Transgenic Arabidopsis Plants 

	Discussion 
	Materials and Methods 
	Plant Materials, Stress Treatments, and Measurement of Soluble Sugars Content 
	Identification, Phylogenetic Analysis, and Motifs Prediction of SWEET Protein in Longan 
	Cis-Elements Search and Exon–Intron Organization of DlSWEET Genes 
	Expression Pattern Analysis of DlSWEET Genes 
	RNA Isolation and qRT-PCR Analysis 
	Functional Analysis of DlSWEET1-Overexpressing Transgenic Arabidopsis Thaliana 
	Statistical Analyses 

	Conclusions 
	References

